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IMAGE PROCESSING APPARATUS, IMAGE
PROCESSING METHOD, IMAGE
PROCESSING SYSTEM, AND STORAGE
MEDIUM

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates, in particular, to an
image processing system for generating a virtual viewpoint
image.

Description of the Related Art

[0002] There are needs for generating, in real time, images
of virtual cameras (hereinafter, “virtual viewpoint images™)
placed in positions and orientations in a virtual space from
images acquired by capturing images of a subject using
cameras (hereinafter, “real cameras™) placed in a plurality of
different positions and orientations in the real world. If this
is realized, for example, users can view a highlight of a
soccer or basketball game from various angles to feel a high
realistic sensation compared with normal viewings such as
viewings on televisions.

[0003] However, it is difficult to generate virtual view-
point images in a short time because it takes a long time to
execute shape estimation processing to estimate a three-
dimensional shape (hereinafter, “shape model”) of a subject
from a plurality of images and visibility judgement process-
ing to judge whether the shape model is visible from
cameras. To solve this issue, Japanese Patent No. 5945255
discusses a method of generating a virtual viewpoint image
at high speed based on a geometrical relationship between a
camera and a virtual camera.

[0004] One of the cases in which a user views a virtual
viewpoint image is a case of viewing a plurality of virtual
viewpoint images. One example is a case of simultaneously
viewing a virtual viewpoint image for viewing players in
close-up and a virtual viewpoint image for viewing the
movements of the players on a ground from a higher
perspective, and another example is a case in which a large
number of audiences at a venue respectively operate virtual
cameras using a smartphone to view images. If the shape
estimation processing and the visibility judgement process-
ing described above are performed for each virtual view-
point to generate a plurality of virtual viewpoint images at
the same time, the amount of information for performing
these processing becomes enormous. The technique dis-
cussed in Japanese Patent No. 5945255 requires an enor-
mous amount of information to generate a plurality of virtual
viewpoint images because the shape estimation processing
and the visibility judgement processing are dependent on the
virtual cameras. Especially, the number of range images
required for the visibility judgement processing increases
according to the size of captured images and the number of
cameras, so that generating a plurality of virtual viewpoint
images leads to an increase in transfer time and data amount.

SUMMARY OF THE INVENTION

[0005] According to an aspect of the present invention, an
image processing system for generating a virtual viewpoint
image based on a plurality of captured images acquired by
capturing an image of an image capturing target region from
a plurality of directions using a plurality of cameras includes
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a storage control unit configured to store, in a storage unit,
visibility information about an element of a three-dimen-
sional shape model of an object whose image is captured by
at least any of the plurality of cameras, wherein the visibility
information indicates for each of one or more captured
images among the plurality of captured images whether a
pixel corresponding to the element is included in the cap-
tured image, an acquisition unit configured to acquire view-
point information indicating one or more virtual viewpoints,
and an image generation unit configured to generate a virtual
viewpoint image corresponding to the one or more virtual
viewpoints identified by the viewpoint information acquired
by the acquisition unit, based on the plurality of captured
images, the three-dimensional shape model, and the visibil-
ity information stored in the storage unit by the storage
control unit.

[0006] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 illustrates an example of a hardware con-
figuration of an image generation apparatus according to an
exemplary embodiment.

[0008] FIG. 2 is a block diagram illustrating an example of
a functional configuration of an image processing system
according to a first exemplary embodiment.

[0009] FIG. 3 is a flowchart illustrating a process of
generating a virtual viewpoint image in the first exemplary
embodiment.

[0010] FIG. 4 illustrates an example of a bit array as
visibility information.

[0011] FIG. 5is a block diagram illustrating an example of
a functional configuration of an image processing system
according to a second exemplary embodiment.

[0012] FIG. 6 is a flowchart illustrating a process of
generating a virtual viewpoint image in the second exem-
plary embodiment.

[0013] FIG. 7 illustrates rectangular regions surrounding
subject regions in a range image.

DESCRIPTION OF THE EMBODIMENTS

[0014] In a first exemplary embodiment, an example will
be described in which visibility information about an esti-
mated shape model of a subject is stored and thereafter a
plurality of virtual viewpoint images is generated using the
visibility information. As used herein, the term “visibility
information” refers to information indicating whether an
element of the shape model is visible/invisible from each of
a plurality of cameras (real cameras) located in different
positions and orientations in the real world. Further, the
visibility information can also be defined as judgement
information about an element of a shape model representing
the shape of an object of an image captured by at least any
of a plurality of cameras. The judgement information indi-
cates whether a pixel corresponding to the element is
included in the captured image. Hereinafter, an element of a
shape model will be described as a three-dimensional point.
The element of the shape model is not limited to the
foregoing, and the presence/absence of a subject can be
represented by a 1-bit flag or information such as a mesh to
represent the subject. In other words, the element of the
shape model is a point in a case where the shape model is
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represented as a set of points, or a mesh in a case where the
shape model is represented as a set of meshes. Representing
the shape model as a set of points is advantageous in that it
enables detailed reproduction of the shape of the object, and
representing the shape model as a set of meshes is advan-
tageous in that it can reduce the data amount of the shape
model. While the case in which the virtual viewpoint image
is a still image will mainly be described in the present
exemplary embodiment, the virtual viewpoint image can be
a moving image.

[System Configuration]

[0015] Various exemplary embodiments of the invention
will be described below with reference to the drawings. Each
of the embodiments of the present invention can be imple-
mented solely or as a combination of a plurality of the
embodiments or features thereof where necessary or where
the combination of elements or features from individual
embodiments in a single embodiment is beneficial. A con-
figuration of an image processing system configured to
generate and output a virtual viewpoint image will be
described below with reference to FIGS. 1 and 2. FIG. 1
illustrates an example of a hardware configuration of an
image generation apparatus 1 according to exemplary
embodiments. FIG. 2 is a block diagram illustrating an
example of a functional configuration of the image process-
ing system according to a first exemplary embodiment. The
image processing system in the present exemplary embodi-
ment includes the image generation apparatus 1, image
capturing apparatuses 2, and a display apparatus 3.

[0016] The example of the hardware configuration of the
image generation apparatus 1 illustrated in FIG. 1 will be
described below.

[0017] The image generation apparatus 1 includes a cen-
tral processing unit (CPU) 101, a read-only memory (ROM)
102, a random-access memory (RAM) 103, a hard disk drive
(HDD) 104, a display interface (I/F) 105, an input unit 106,
and a communication interface (I/F) 107. The CPU 101
reads a control program stored in the ROM 102 to execute
various types of processing. The RAM 103 is used as a main
memory of the CPU 101 and a temporary storage area such
as a work area. The HDD 104 stores various types of data,
programs, etc. The display I/F 105 outputs various types of
information to the display apparatus 3. The input unit 106
includes a keyboard or a mouse and receives various user
operations.

[0018] The communication I/F 107 performs communica-
tion processing with an external apparatus via a network.
Alternatively, the communication I/F 107 can wirelessly
communicate with the external apparatus.

[0019] The CPU 101 reads a program stored in the ROM
102 or the HDD 104, and executes the program to realize the
functions and processing of the image generation apparatus
1 described below. Alternatively, the CPU 101 can read a
program stored not in the ROM 102, etc. but in a recording
medium such as a secure digital (SD) card.

[0020] While a single processor (CPU 101) of an image
generation apparatus executes the processes illustrated in a
below-described flowcharts using a single memory (ROM
102) in the exemplary embodiments, any other form can be
employed. For example, a plurality of processors, a plurality
of RAMs, a ROM, and a storage can cooperate to realize the
processes illustrated in the flowcharts. A hardware circuit
can be used to execute part of the processes. Further, a
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processor other than a CPU can be used to realize the
functions and processing of the image generation apparatus
1 described below, (For example, a graphics processing unit
(GPU) can be used in place of the CPU.)

[0021] The image processing system according to the
present exemplary embodiment will be described below
with reference to FIG. 2.

[0022] The image generation apparatus 1 acquires from
the communication I/F 107 images captured at the same time
point by the image capturing apparatuses 2 and camera
parameters of the respective real cameras, and generates a
virtual viewpoint image. Then, the image generation appa-
ratus 1 transmits the generated virtual viewpoint image to
the display apparatus 3 via the display OF 105. The camera
parameters include an external parameter and an internal
parameter. The external parameter is a parameter regarding
a placement state of the camera, and examples include
information about the positions and orientations of the
cameras. The internal parameter is a parameter regarding a
camera state, and examples include information about the
focal lengths of the real cameras and information about the
central coordinates of an image sensor.

[0023] The image capturing apparatuses 2 include a plu-
rality of real cameras, and the real cameras capture images
of a subject from different directions, respectively. In the
present exemplary embodiment, each of the plurality of real
cameras of the image capturing apparatuses 2 has a camera
number for identifying the camera. The real cameras are
connected to the image generation apparatus 1, and trans-
mits images captured by the real cameras and the camera
parameters of the real cameras to the image generation
apparatus 1. The real cameras are synchronized according to
a single piece of time point information of the real world,
and time point information is given to each captured image.
The camera parameters can be transmitted in synchroniza-
tion with a captured image or can be transmitted prior to
image capturing or asynchronously as needed.

[0024] The display apparatus 3 receives the images gen-
erated in the image generation apparatus 1 and displays the
virtual viewpoint images.

[0025] The image generation apparatus I includes a cam-
era information acquisition unit 200, a shape estimation unit
210, a distance estimation unit 220, a visibility information
storage unit 230, and a virtual viewpoint image generation
unit 240.

[0026] The camera information acquisition unit 200
acquires, from the image capturing apparatuses 2 via the
communication I/F 107, the images captured at the same
time point by the plurality of real cameras and the camera
parameters of the real cameras, as camera information. The
shape estimation unit 210, the distance estimation unit 220,
the visibility information storage unit 230, and the virtual
viewpoint image generation unit 240 acquire the camera
parameters from the camera information acquisition unit
200.

[0027] The shape estimation unit 210 estimates a three-
dimensional shape of the subject based on the captured
images and the camera parameters. Then, the shape estima-
tion unit 210 outputs a shape model as a shape estimation
result to the distance estimation unit 220, the visibility
information storage unit 230, and the virtual viewpoint
image generation unit 240.

[0028] The distance estimation unit 220 estimates the
distance between each point of the shape model and a
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position according to the camera using the shape model and
the camera parameters, and outputs such distance informa-
tion to the visibility information storage unit 230. The
position according to the camera may be a position of an
image capturing surface (an imaging sensor) of the camera.

[0029] The visibility information storage unit 230 judges
the visibility which indicates whether each point or element
of the shape model is visible from each real camera, using
the shape model and the distance information, and stores a
result of the judgement in the HDD 104. The visibility
information storage unit 230 can also store at least one of the
shape model and the distance information in addition to the
visibility judgement information.

[0030] To generate a single virtual viewpoint image, the
virtual viewpoint image generation unit 240 receives a
designation of a virtual viewpoint based on virtual viewpoint
information (a camera parameter of a virtual camera) and
generates a virtual viewpoint image based on the designa-
tion. A user (operator) attempting to designate a virtual
viewpoint operates the input unit 106 to designate the virtual
viewpoint information. The designation of the virtual view-
point information is not limited to the foregoing and can be
performed by recognizing a subject, etc. The generated
virtual viewpoint image is output to the display apparatus 3.
It is not required to include all the functional units illustrated
in FIG. 2 in the single image generation apparatus 1. For
example, a first apparatus including the camera information
acquisition unit 200, the shape estimation unit 210, and the
distance estimation unit 220, a second apparatus including
the visibility information storage unit 230, and a third
apparatus including the virtual viewpoint image generation
unit 240 can communicably be connected one another.
Further, in this case, a plurality of third apparatuses includ-
ing the virtual viewpoint image generation unit 240 can be
connected to the second apparatus including the visibility
information storage unit 230. This configuration enables the
plurality of virtual viewpoint image generation units 240 to
share the information stored in the visibility information
storage unit 230 to efficiently generate a plurality of virtual
viewpoint images.

[Operation Flow]

[0031] A process of the image generation apparatus 1 will
be described in detail below with reference to FIG. 3. In a
flowchart of FIG. 3, step S310 is a step of acquiring images
captured at the same time point by the plurality of real
cameras and the camera parameters of the respective cam-
eras, step S320 is a step of performing shape estimation
processing, and step S330 is a step of performing distance
estimation processing. Further, step S340 is a step of per-
forming visibility judgement processing and storing a result
of the judgement, and step S350 is a step of generating and
outputting a plurality of input virtual viewpoint images. The
process will be described in detail below.

[0032] <Step S310>

[0033] In step S310, the camera information acquisition
unit 200 acquires, as camera information, images captured at
the same time point by the real cameras and camera param-
eters of the real cameras. Then, the camera information
acquisition unit 200 transmits the acquired camera param-
eters to the shape estimation unit 210, the distance estima-
tion unit 220, the visibility information storage unit 230, and
the virtual viewpoint image generation unit 240. Also, the
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camera information acquisition unit 200 transmits the
images captured by the real cameras to the shape estimation
unit 210.

[0034] <Step S320>

[0035] In step S320, the shape estimation unit 210
acquires the images captured by the real cameras and the
camera parameters of the real cameras, and estimates a
three-dimensional shape of the subject. Then, the shape
estimation unit 210 transmits a shape model that is a result
of the estimation to the distance estimation unit 220, the
visibility information storage unit 230, and the virtual view-
point image generation unit 240.

[0036] The three-dimensional shape estimation processing
includes, for example, a process of generating a silhouette
image of the subject (specific object in captured image) and
a process of estimating a three-dimensional shape. The
silhouette image is, for example, a binary image in which a
subject region is displayed in white and the other regions in
black. The contents of the silhouette image are not limited to
the foregoing and can be any information that identifiably
indicates a region corresponding to a specific object in a
captured image. The silhouette image is generated from the
captured images of the subject by a commonly-used method
such as a background difference method in which a differ-
ence from a background image captured in advance in the
absence of the subject is calculated and a region having a
value greater than or equal to a threshold value is determined
as a silhouette (foreground region). The silhouette image
generation method, however, is not limited to the foregoing
method. For example, a method in which a human body as
a subject is detected by image recognition to generate a
silhouette image or a method in which a moving object is
detected to generate a silhouette image of a moving object
region can be used.

[0037] Then, the shape estimation unit 210 estimates a
three-dimensional shape of the subject using the generated
silhouette images of all the real cameras and the camera
parameters. A known method such as a visual hull method
can be used to estimate the three-dimensional shape. As a
result of the estimation processing, a three-dimensional (3D)
point group (set of points having three-dimensional coordi-
nates) representing the shape model of the subject is
acquired. Coordinates X, of the 3D point group are repre-
sented by, for example, a world coordinate system having
three orthogonal axes (x-axis, y-axis, and z-axis) with an
origin being a position in the real world. The shape model of
the subject can be represented by a set of a plurality of
meshes. In the three-dimensional shape estimation (three-
dimensional model generation), it is not indispensable to use
the captured images of all of the cameras, and the three-
dimensional shape estimation can he performed based on
one or more captured images.

<Step S330>

[0038] In step S330, the distance estimation unit 220
acquires the camera parameters of the real cameras and the
3D point group acquired by the shape estimation unit 210,
and estimates the distance from each real camera to the
subject. Then, the distance estimation unit 220 transmits to
the visibility information storage unit 230 range images that
are a result of the estimation. The range image correspond-
ing to each of the cameras is information that indicates the
distance between an element of the shape model of the
subject and the camera.
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[0039] An example of the method of estimating the dis-
tance from the real camera to the subject and generating a
range image will be described below. The range image has
the same width and the same height as those of the captured
image, and each pixel stores a distance value. For example,
first, the coordinates X, of a point P of the 3D point group
are multiplied by an external matrix T, to transform the
coordinates X, into camera. coordinates X of the camera
coordinate system. The external matrix T, is a matrix con-
figured by the external parameter of the real camera. When
a direction in which a lens of the real camera faces with the
camera position being the origin is a positive direction of the
z-axis of the camera coordinate system, a z-coordinate of the
camera coordinates is the distance value in the case in which
the point is viewed from the real camera.

[0040] Next, image coordinates X, of the camera coordi-
nates X, are calculated to obtain the coordinates of the range
image storing the distance value. The image coordinates X,
are calculated by multiplying, by an internal matrix T,,
normalized camera coordinates obtained by normalizing the
camera coordinates X_ by the z-coordinate. The internal
matrix T, is a matrix configured by the internal parameter of
the real camera. In the case in which a previously-calculated
distance value of another point is stored in the pixel of the
image coordinates X,, the stored value is compared with the
z-coordinate of the image coordinates X,. Then, if the
z-coordinate is less than the stored value, the z-coordinate is
stored as a new pixel value at the image coordinates X,. The
foregoing processing is executed on every point P of the 3D
point group to generate a range image of a single real
camera. Further, the foregoing processing is executed with
respect to all the real cameras to generate range images of all
the real cameras. The method of generating distance infor-
mation about the distance between each camera and the
element of the model is not limited to the above-described
method. It is not required to generate distance information
for every one of the cameras in the system, and it is sufficient
to generate distance information for one or more of the
cameras.

<Step S340>

[0041] In step S340, the visibility information storage unit
230 acquires the range images and the camera parameters of
the real cameras and the 3D point group, judges the visibility
of every point constituting the 3D point group, and stores
results of the judgement in the HDD 104. Further, the
visibility information storage unit 230 transmits the results
to the virtual viewpoint image generation unit 240. While
the case will mainly be described below in which the
visibility of every one of the elements of the shape model of
the subject from each of the cameras in the system is judged,
the present exemplary embodiment is not limited to the case.
The element to be judged can be a part of the elements of the
shape model, and the camera to be judged can be one or
more of the cameras in the system. In other words, the
judgement information is acquired for at least one of the
elements of the shape model representing an object shape
and indicates for each of one or more captured images
whether a pixel corresponding to the element is included in
the captured image.

[0042] An example of the method of judging the visibility
and storing a result of the judgement will be described
below. First, the coordinates X, of the point P of the 3D
point group are transformed into the camera coordinate
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system and the image coordinate system to calculate the
camera coordinates X and the image coordinates X,. Then,
the pixel value of the range image at the image coordinates
X, is compared with the z-coordinate of the camera coordi-
nates X, of the range image (distance from the real camera
to the point). As a result of the comparison, in a case where
a difference d between the pixel value of the range image
and the z-coordinate is not greater than a threshold value, it
is judged that the point P is visible from the real camera. On
the other hand, in a case where the difference d is greater
than the threshold value, it is judged that the point P is
invisible from the camera. In other words, it is judged based
on a result of the comparison whether a pixel corresponding
to the point P is included in an image captured by the real
camera. The foregoing processing is performed for every
one of the real cameras to judge whether the single point P
is visible from each of the real cameras. Further, the fore-
going processing is performed for every one of the points of
the 3D point group to generate the visibility information.

[0043] The visibility information about each point s stored
in the form of, for example, a bit array to specify the
visibility for each real camera. FIG. 4 illustrates an example
of a bit array 400 as the visibility information. In the bit
array 400, a least significant bit 410 is the visibility infor-
mation for the first real camera, and a most significant bit
420 is the visibility information for the n-th real camera of
n real cameras. Each bit indicates the visibility of the point
P from the corresponding real camera, and “0” indicates that
the point P is invisible whereas “1” indicates that the point
Pis visible. For example, the bit array 400 illustrated as 8-bit
in FIG. 4 indicates that the point of interest is visible from
the first, second, fifth, seventh, and eighth real cameras but
invisible from the third, fourth, and sixth real cameras. Such
a bit array is provided for every point of the 3D point group
to store the visibility information about each point in asso-
ciation with the point. While the visibility information is
represented by 0 or 1 in the example illustrated in FIG. 4, the
visibility information can be represented in multi-levels
using the differences d. In this case, each point is represented
to have the differences d such that the number of the
differences d corresponds to the number of real cameras.
Further, in the case in which the element of the shape model
is a mesh, etc., similarly, visibility information having the
number of bits corresponding to the number of real cameras
is stored for each mesh as specified by the bit array 400 in
FIG. 4. The format of the information about the visibility of
the elements of the shape model that is stored in the visibility
information storage unit 230 is not limited to the above-
described format. For example, identification information of
the camera from which an element of interest is visible or
identification information of the camera from which the
element of interest is invisible can be stored, or the visibility
information can be stored only with respect to a frame at
which a result of the judgement of the visibility of the
element changes. The visibility information can be com-
pressed by any other known data compression method and
stored. In this way, the amount of data stored in the visibility
information storage unit 230 is reduced to realize efficient
use of the memory.

[0044] <Step S350>

[0045] In step S350, the virtual viewpoint image genera-
tion unit 240 acquires the camera parameters of the real
cameras, the 3D point group, and the visibility information,
and generates one or more virtual viewpoint ages. The
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virtual viewpoints of the one or more virtual viewpoint
images can be acquired by a user operation via the input unit
106 or can be determined in advance based on the positions
and orientations of the one or more virtual cameras. The
method of acquiring one or more virtual viewpoints can be
any other method. Lastly, the one or more generated virtual
viewpoint images are output to the display apparatus 3 via
the display I/F 105.

[0046] A method by which the virtual viewpoint image
generation unit 240 generates a virtual viewpoint image will
be described below. The virtual viewpoint image generation
unit 240 determines values of pixels of the virtual viewpoint
image to be generated that correspond to the element of the
shape model. The values of pixels of the virtual viewpoint
image are determined based on values of pixels correspond-
ing to the element among the pixels of the captured image
(image captured by the camera from which the element is
visible) identified from the judgement information based on
the visibility judgement. A specific example of the method
of generating the virtual viewpoint image will be described
below. First, the virtual viewpoint image generation unit 240
generates a foreground image (image of a region of a
subject) viewed from a virtual camera and a background
image (image not including the subject). Then, the virtual
viewpoint image generation unit 240 combines the gener-
ated background image with the generated foreground image
to generate a virtual viewpoint image.

[0047] A method of generating the foreground image of
the virtual viewpoint image will be described below. The
foreground image of the virtual viewpoint image is gener-
ated by coloring the 3D point group and rendering the
colored 3D point group using an existing computer graphics
(CG) rendering method. To color the 3D point group, first,
the 3D point group and the visibility information are referred
to, and the coordinates X,, of the point P to be colored and
the visibility information are acquired. Since the visibility
information is given to each point of the 3D point group in
step S340, the visibility information of the point P is
acquirable using an identification number of the point P.

[0048] Next, the real camera from which the point P is
visible is identified by referring to the bit array of the
visibility information. The coordinates X, of the point P are
transformed into the image coordinate system of the iden-
tified real camera, and the color of the point P is determined
based on the pixel of the image coordinates X, on the
captured camera image. In a case where the point P is visible
from a plurality of real cameras, the pixel values are
acquired from the images captured by the respective real
cameras and, for example, a mean value of the acquired
pixel values is determined as the color of the point P. The
same processing is performed with respect to every point of
the 3D point group to color all the points. In a case where
the visibility information of the point P is represented by not
the bit array of 1 or 0 but multi-level values, a weighted
mean value of the pixel values acquired from the real
cameras from which the point P is judged visible is deter-
mined as the color of the point P. The visibility judgement
is determined by setting a threshold value as in the case of
the bit array. The weight is obtainable by calculating a ratio
of'the differences d of the real cameras from which the point
P is judged visible. How to determine the pixel value of the
foreground image, however, is not limited to the above-
described methods. For example, in the case where a plu-
rality of captured images having a pixel corresponding to the
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element of the shape model is identified from information
based on the visibility judgement, the value of the pixel of
the foreground image that corresponds to the element can be
determined based on the value of the pixel of the captured
image that is selected from the plurality of identified cap-
tured images. Specifically, the captured image that is cap-
tured by the real camera located at the shortest distance from
the element can be selected to use the pixel value of the
selected image, or the plurality of captured images captured
by the plurality of real cameras located at short distances
from the element can be selected to calculate a pixel value
of the foreground image from the pixel values of the selected
images. In this method, a captured image which has a high
resolution of the portion of the subject that corresponds to
the element is used, so that the coloring of the shape model
is performed with great accuracy. The pixel value of the
foreground image can be determined by selecting and using
an image captured by the real camera located at a short
distance from a designated virtual viewpoint or an image
captured by the real camera that captures images in an image
capturing direction with a small difference from the line-of-
sight direction of the designated virtual viewpoint. With
these methods, a virtual viewpoint image which reproduces
with great accuracy how the subject appears from the
designated virtual viewpoint is generated in a case where the
color or gloss of a surface of the subject varies depending on
the viewing angle.

[0049] Now, the background image of the virtual view-
point image is generated. First, in a background 3D model,
for example, vertexes of a building such as an arena are set.
A CG (Computer Graphics) model of the arena, etc. that is
generated in advance and stored in the system can be used
as the background 3D model, or the background 3D model
can be generated based on images captured by the plurality
of cameras. The vertexes are transformed into a camera
coordinate system of two real cameras (hereinafter, “a first
camera” and “a second camera”) located near the virtual
viewpoint and a camera coordinate system of the virtual
viewpoint. Next, a first transformation matrix between the
virtual viewpoint and the first camera and a second trans-
formation matrix between the virtual viewpoint and the
second camera are calculated using corresponding points of
the virtual viewpoint and the first camera and corresponding
points of the virtual viewpoint and the second camera,
respectively. To calculate each pixel value of the background
image of the virtual viewpoint, the coordinates of the pixels
are transformed into the coordinate systems of the back-
ground image using the first and second transformation
matrixes, and the pixel values of the transformed coordi-
nates are acquired. A mean value of the two acquired pixel
values is calculated and determined as the pixel value of the
background image. The number of real cameras to be used,
however, is not limited to the above-described number. In
the case of using n real cameras located near the virtual
viewpoint, first to n-th transformation matrixes are calcu-
lated by a similar process, and transformed coordinates are
acquired using the transformation matrixes. Then, a mean
value of n pixel values is determined as the pixel value of the
background image. The method of generating the back-
ground image is not limited to the above-described method.
For example, as in the ease of generating the foreground
image, the judgement information about the visibility of the
element of the background 3D model is acquired, and the
pixel value of the background image is determined using the
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pixel value of the captured image (image captured by the
camera from which the element is visible) identified from
the judgement information. This method reduces the possi-
bility that a value based on the color of the foreground object
is erroneously set as the pixel value of the background
image.

[0050] The acquired foreground image of the virtual view-
point image is superimposed on the acquired background
image of the virtual viewpoint image to generate a virtual
viewpoint image. Further, by repeating the same processing
using a plurality of different pieces of the virtual viewpoint
information with a same shape model (information about the
3D point group or mesh) and same visibility information
(judgement information about the visibility of the element of
the shape model) independent of the virtual viewpoint, a
plurality of virtual viewpoint images corresponding to the
plurality of virtual viewpoints of the same time point can be
generated with reduced processing load.

[0051] Since the virtual viewpoint images are generated
using the visibility information about the element of the
shape model in the present exemplary embodiment, the
visibility information storage unit 230 does not have to store
the range images of all the real cameras, so that the amount
of data to be stored is reduced. The acquired visibility
information of the element of the shape model is information
that is independent of the virtual viewpoint, so that the
stored visibility information can be shared in generating the
plurality of virtual viewpoint images corresponding to the
plurality of virtual viewpoints of the same time point. Then,
only the processing dependent of the virtual viewpoints is
performed a plurality of times to generate a virtual view-
point image, so that an increase in processing load is
prevented. While the case in which the visibility information
about every 3D point group constituting the shape model is
stored is mainly described in the present exemplary embodi-
ment, the present exemplary embodiment is not limited to
the above-described case. For example, only the visibility
information about the points of predetermined intervals can
be stored, or the visibility information about the points that
are less likely to appear on the virtual viewpoint images do
not have to be stored.

[0052] In the first exemplary embodiment described
above, the visibility information is generated and stored
prior to the generation of the virtual viewpoint image and the
3D point group is colored using the stored visibility infor-
mation to generate the foreground image of the virtual
viewpoint. In a second exemplary embodiment, an example
will be described below in which the 3D point group is
colored while the visibility of the 3D point group is judged
using the range images reduced in data amount to generate
the foreground image of the virtual viewpoint. The hardware
configuration of the image generation apparatus according to
the present exemplary embodiment is similar to that illus-
trated in FIG. 1, so that description thereof is omitted.

[System Configuration]

[0053] FIG. 5is ablock diagram illustrating an example of
a functional configuration of an image processing system
configured to generate and output a virtual viewpoint image
in the present exemplary embodiment. The image process-
ing system in the present exemplary embodiment includes
the image generation apparatus 1, the image capturing
apparatuses 2, and the display apparatus 3, as in the first
exemplary embodiment.
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[0054] The image generation apparatus 1 includes the
camera information acquisition unit 200, the shape estima-
tion unit 210, the distance estimation unit 220, a range image
storage unit 530, and a virtual viewpoint image generation
unit 540. The camera information acquisition unit 200, the
shape estimation unit 210, and the distance estimation unit
220 are similar to those in the first exemplary embodiment,
so that description thereof is omitted.

[0055] The range image storage unit 530 generates, as a
rectangular region range image, an image of a rectangular
region surrounding a subject from range images that are
generated by the distance estimation unit 220 and have the
same image size as the captured images, and stores the
generated rectangular region range image in the HDD 104.
Then, the range image storage unit 530 outputs the rectan-
gular region range images of all the real cameras to the
virtual viewpoint image generation unit 540.

[0056] The virtual viewpoint image generation unit 540
generates one or more virtual viewpoint images using the
rectangular region range images. In the present exemplary
embodiment, point coloring processing is performed while
the visibility of each point is judged using the rectangular
region range image to generate a foreground image of the
virtual viewpoint image. This is the difference from the
processing performed by the virtual viewpoint image gen-
eration unit 240 in the first exemplary embodiment.

[Operation Process]

[0057] A process of the image generation apparatus 1
according to the present exemplary embodiment will be
described below with reference to a flowchart illustrated in
FIG. 6. Steps S310, S320, and S330 in the flowchart in FIG.
6 are similar to those in FIG. 3 described above in the first
exemplary embodiment, so that description thereof is omit-
ted. Step S640 is a step of calculating from the range image
a rectangular region surrounding the subject, performing
image acquisition processing to cut the range image and
acquire the rectangular region range image, and storing the
acquired rectangular region range image. Step S650 is a step
of coloring the points while performing the visibility judge-
ment processing using the cut range image. Details of the
processing in step S640 and the processing in step S650 will
be described below.

<Step S640>

[0058] In step S640, the range image storage unit 530
acquires the range images from the distance estimation unit
220. Then, the range image storage unit 530 calculates the
rectangular region surrounding the subject region in the
range images of the real cameras, cuts an image of the
rectangular region from the range images to generate rect-
angular region range images, and stores the generated rect-
angular region range images in the HDD 104. Further, the
range image storage unit 530 transmits information about
the rectangular region and the rectangular region range
images to the virtual viewpoint image generation unit 540.
[0059] A method of generating the rectangular region
range image from the range images of the real cameras and
storing the generated rectangular region range image will be
described below. FIG. 7 illustrates rectangular regions sur-
rounding subject regions in a range image. A range image
700 is a range image of the real camera that is generated in
step S330. Existing labeling processing can be performed on
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the range image 700 to generate a labeling image in which
subject regions 710 and 711 are labeled. Consequently, the
pixel value of the subject region 710 is labeled “1”, the pixel
value of the subject region 711 is labeled “2”, and the other
pixel values are labeled “0”.

[0060] A rectangular region 720 is represented by two
points, vertexes 730 and 731, and the coordinates of the
vertexes 730 and 731 are represented by a coordinate system
740 of the range image 700. The same applies to a rectan-
gular region 721. The vertexes 730 and 731 are obtained by
calculating a minimum value X, and a maximum value
X ax 0f the X-coordinates and a minimum value Y,,,,, and a

max min

maximum value Y, of the Y-coordinates in a pixel set of
the labeling image with the pixel value “1”. Consequently,
the coordinates of the vertex 730 can be represented as
(X, iis> Y puin)> and the coordinates of the vertex 731 as (Y, .,
Y,....)- Alternatively, the rectangular region can be calcu-
lated by performing processing similar to that described
above based on the silhouette image generated by the shape
estimation processing in step S320.

[0061] The rectangular region range image having the size
of the acquired rectangular region as its image size is
generated by copying a pixel value I(X, Y) in the rectangular
region of the range image to a pixel [(X,, Y,) of the
rectangular region range image. The values X, and Y, are
represented by a coordinate system 741 of the rectangular
region range image having the vertex 730 as the origin and
are calculated as X,=X-X,,,,, and Y,=Y-Y ... In the cases
in which the number of labels is two or more, rectangular
region information and a rectangular region range image are
generated in each label. The rectangular region information
and the rectangular region range image generated for each
real camera are stored with the camera number of the
corresponding real camera so that the real camera that
captures the range image is identifiable.

<Step S650>

[0062] In step S650, the virtual viewpoint image genera-
tion unit 540 acquires camera parameters of the real cam-
eras, the 3D point group, the rectangular region information,
and the rectangular region range image and generates a
foreground image of the virtual viewpoint while judging the
visibility information about each point of the 3D point
group. Then, the virtual viewpoint image generation unit
540 generates a background image of the virtual viewpoint
using a method similar to that in step S350, and superim-
poses the foreground image on the background image to
generate the virtual viewpoint image. The virtual viewpoint
image generation unit 540 transmits the generated virtual
viewpoint image to the display apparatus 3.

[0063] A method of generating the foreground image of
the virtual viewpoint while judging the visibility of each
point of the 3D point group using the rectangular region
range image will be described below. As in step S350, the
foreground image of the virtual viewpoint image is gener-
ated by coloring the 3D point group and rendering the
colored 3D point group using an existing CG rendering
method. To color the 3D point group, the visibility of the
coordinates X, of the point P to be colored is judged by
referring to the 3D point group and information about the
rectangular region range image.

[0064] In the visibility judgement, the coordinates X, of
the point P of the 3D point group are transformed into the
camera coordinate system and the image coordinate system
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to calculate the camera coordinates X_ and the image coor-
dinates X,. Then, the coordinates of a start point of the
rectangular region of the rectangular region range image is
subtracted from the image coordinates X, to calculate the
coordinates X, of the rectangular region range image. The
pixel value of the rectangular region range image at the
coordinates X is compared with a z-coordinate (distance
from the real camera to the point) of the camera coordinates
X.. As a result of the comparison, in a case where the
difference d is not greater than a threshold value, it is judged
that the point P is visible from the real camera, whereas in
a case where the difference d is greater than the threshold
value, it is judged that the point P is invisible from the real
camera. The foregoing processing is performed on every one
of the real cameras to generate the visibility information
about the point P.

[0065] The visibility information is generated as described
above to calculate the color of the point P using the method
similar to that in step S350. The foregoing processing is
performed on every one of the points of the 3D point group
to color the 3D point group. The method of generating the
background image is similar to that in the first exemplary
embodiment, and the foreground image is superimposed on
the background image to generate the virtual viewpoint
image.

[0066] As described above, in the present exemplary
embodiment, the range images of the image size of the
images captured by the real cameras are not stored, and
range images of the size of the rectangular regions surround-
ing the subject regions generated to reduce the data amount
of the range images are stored. In this way, when a plurality
of virtual viewpoint images of the same time point is to be
generated, the visibility judgement is performed using the
rectangular region range image to prevent an increase in data
transfer time and data amount.

[0067] While the shape model of the subject is estimated
at the image generation apparatus 1 in the above-described
exemplary embodiments, the processing performed by the
shape estimation unit 210 and the processing performed by
the distance estimation unit 220 can be performed by
another apparatus. In this case, the camera information
acquisition unit 200 further acquires the 3D point group
representing the shape model of the subject and the range
images from the other apparatus.

[0068] The above-described exemplary embodiments are
capable of generating a plurality of virtual viewpoint images
with ease.

Other Embodiments

[0069] Embodiment(s) of the present invention can also be
realized by a computer of a system or apparatus that reads
out and executes computer executable instructions (e.g., one
or more programs) recorded on a storage medium (which
may also be referred to more fully as a ‘non-transitory
computer-readable storage medium’) to perform the func-
tions of one or more of the above-described embodiment(s)
and/or that includes one or more circuits (e.g., application
specific integrated circuit (ASIC)) for performing the func-
tions of one or more of the above-described embodiment(s),
and by a method performed by the computer of the system
or apparatus by, for example, reading out and executing the
computer executable instructions from the storage medium
to perform the functions of one or more of the above-
described embodiment(s) and/or controlling the one or more
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circuits to perform the functions of one or more of the
above-described embodiment(s). The computer may com-
prise one or more processors (e.g., central processing unit
(CPU), micro processing unit (MPU)) and may include a
network of separate computers or separate processors to read
out and execute the computer executable instructions. The
computer executable instructions may be provided to the
computer, for example, from a network or the storage
medium. The storage medium may include, for example, one
or more of a hard disk, a random-access memory (RAM), a
read only memory (ROM), a storage of distributed comput-
ing systems, an optical disk (such as a compact disc (CD),
digital versatile disc (MID), or Blu-ray Disc (BD)™) a flash
memory device, a memory card, and the like.

[0070] While the present invention has been described
with reference to exemplary embodiments, it is to be under-
stood that the invention is not limited to the disclosed
exemplary embodiments. The scope of the following claims
is to be accorded the broadest interpretation so as to encom-
pass all such modifications and equivalent structures and
functions,

[0071] This application claims the benefit of Japanese
Patent Application No. 2017-182795, filed Sep. 22, 2017,
which is hereby incorporated by reference herein in its
entirety.

What is claimed is:

1. An image processing system for generating a virtual
viewpoint image based on a plurality of captured images
acquired by capturing an image of an image capturing target
region from a plurality of directions using a plurality of
cameras, the image processing system comprising:

a storage control unit configured to store, in a storage unit,
visibility information about an element of a three-
dimensional shape model of an object whose image is
captured by at least one of the plurality of cameras,
wherein the visibility information indicates for each of
one or more captured images among the plurality of
captured images whether a pixel corresponding to the
element is included in the captured image;

an acquisition unit configured to acquire viewpoint infor-
mation indicating one or more virtual viewpoints; and

an image generation unit configured to generate a virtual
viewpoint image corresponding to the one or more
virtual viewpoints identified by the viewpoint informa-
tion acquired by the acquisition unit, based on the
plurality of captured images, the three-dimensional
shape model, and the visibility information stored in
the storage unit by the storage control unit.

2. The image processing system according to claim 1,
wherein

the acquisition unit acquires the viewpoint information
indicating a plurality of different virtual viewpoints
corresponding to a same time point, and wherein

the image generation unit generates a plurality of virtual
viewpoint images corresponding to the plurality of
different virtual viewpoints identified by the viewpoint
information acquired by the acquisition unit, based on
the plurality of captured images, the three-dimensional
shape model, and the visibility information stored in
the storage unit by the storage control unit.

3. The image processing system according to claim 1,
further comprising:
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a model generation unit configured to generate the three-
dimensional shape model based on one or more of the
plurality of captured images,

wherein the storage control unit stores the three-dimen-
sional shape model generated by the model generation
unit in the storage unit in association with the visibility
information.

4. The image processing system according to claim 1,

farther comprising:

a judgement unit configured to judge whether the pixel
corresponding to the element of the three-dimensional
shape model is included in the captured image captured
by the camera, based on position information of the
element and a range image obtained based on capturing
by the camera,

wherein the storage control unit stores the visibility
information based on the judgement by the judgement
unit in the storage unit.

5. The image processing system according to claim 1,
wherein the image generation unit generates the virtual
viewpoint image by determining a value of a pixel of the
virtual viewpoint image that corresponds to the element of
the three-dimensional shape model based on a value of the
pixel corresponding to the element among pixels of the
captured image identified by the visibility information.

6. The image processing system according to claim 5,
wherein, in a case where the visibility information identifies
two or more of the plurality of captured images as the
captured image including the pixel corresponding to the
element of the three-dimensional shape model, the image
generation unit determines the value of the pixel of the
virtual viewpoint image that corresponds to the element
based on the value of the pixel of the captured image
selected from the two or more of the plurality of captured
images.

7. The image processing system according to claim 1,
wherein the image generation unit generates the one or more
virtual viewpoint images corresponding to the virtual view-
points identified by the viewpoint information using the
visibility information stored in the storage unit by the
storage control unit before the viewpoint information is
acquired by the acquisition unit.

8. The image processing system according to claim 1,
wherein the image generation unit generates the one or more
virtual viewpoint images by generating an image of the
object based on the plurality of captured images, the three-
dimensional shape model, and the visibility information
stored in the storage unit by the storage control unit and
combining the generated image of the object with a back-
ground image not including the object.

9. The image processing system according to claim 1,
wherein the element of the three-dimensional shape model is
a point in a case where the three-dimensional shape model
is represented as a set of points in a three-dimensional space,
or a mesh in a case where the three-dimensional shape model
is represented as a set of meshes.

10. The image processing system according to claim 1,
further comprising:

an information acquisition unit configured to acquire
distance information for each pixel corresponding to
the object in the captured image captured by a camera
among the plurality of cameras, the distance informa-
tion indicating a distance between a three-dimensional
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position on the object corresponding to the pixel and a
position associated with the camera; and

an information generation unit configured to generate the
visibility information based on the distance information
acquired by the information acquisition unit and posi-
tion information of the element of the three-dimen-
sional shape model.

11. The image processing system according to claim 10,
wherein the information acquisition unit acquires the dis-
tance information by extracting information about the pixel
corresponding to the object from information indicating a
distance between the position associated with the camera
and a three-dimensional position corresponding to each
pixel of an entire captured image captured by the camera
among the plurality of cameras.

12. An image processing apparatus comprising:

a first acquisition unit configured to acquire visibility
information about an element of a three-dimensional
shape model of an object whose image is captured by
at least one of a plurality of cameras, wherein the
visibility information indicates for each of one or more
captured images among the plurality of captured
images captured by the plurality of cameras whether a
pixel corresponding to the element is included in the
captured image;

a second acquisition unit configured to acquire viewpoint
information indicating one or more virtual viewpoints;
and

a generation unit configured to generate one or more
virtual viewpoint images corresponding to the one or
more virtual viewpoints identified by the viewpoint
information acquired by the second acquisition unit,
based on the plurality of captured images, the three-
dimensional shape model, and the visibility informa-
tion acquired by the first acquisition unit.

13. The image processing apparatus according to claim
12, wherein the generation unit generates the virtual view-
point image by determining a value of a pixel of the virtual
viewpoint image that corresponds to the element of the
three-dimensional shape model based on a value of the pixel
corresponding to the element among pixels of the captured
image identified by the visibility information.
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14. An image processing method of generating a virtual
viewpoint image based on a plurality of captured images
acquired by capturing an image of an image capturing target
region from a plurality of directions using a plurality of
cameras, the method comprising:

storing, in a storage unit, visibility information about an

element of a three-dimensional shape model of an
object whose image is captured by at least one of the
plurality of cameras, wherein the visibility information
indicates for each of one or more captured images
among the plurality of captured images whether a pixel
corresponding to the element is included in the cap-
tured image;

acquiring viewpoint information indicating one or more

virtual viewpoints; and

generating one or more virtual viewpoint images corre-

sponding to the one or more virtual viewpoints identi-
fied by the acquired viewpoint information, based on
the plurality of captured images, the three-dimensional
shape model, and the visibility information stored in
the storage unit.

15. A non-transitory computer-readable storage medium
storing a program for causing a computer to execute an
image processing method, the method comprising:

storing, in a storage unit, visibility information about an

element of a three-dimensional shape model of an
object whose image is captured by at least one of the
plurality of cameras, wherein the visibility information
indicates for each of one or more captured images
among the plurality of captured images whether a pixel
corresponding to the element is included in the cap-
tured image;

acquiring viewpoint information indicating one or more

virtual viewpoints; and

generating one or more virtual viewpoint images corre-

sponding to the one or more virtual viewpoints identi-
fied by the acquired viewpoint information, based on
the plurality of captured images, the three-dimensional
shape model, and the visibility information stored in
the storage unit.
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